Using the PM3 method, enthalpies and free energies of the gaseous-phase proton affinity (PA) have been computed for aniline and 62 of its derivatives with different kinds of electron-donor and electron-acceptor substitution in the aromatic ring and at the nitrogen atom. Linear correlations of the type pK a vs. PA have been found. Deviations of the data for ortho substituted anilines from the above relationships was discussed in view of possible hydrophobic hydration of the molecular fragments ajacent to the protonation centre. Linear dependeces P exper = bP theor (where P is standard entropy, heat or Gibbs energy of formation, first ionization potential, molecular dipole moment) were found.
INTRODUCTION
The reactivities of aniline and its derivatives are influenced by their protolytic properties. Directive synthesis of anilines with a given basicity requires a priori theoretical estimation of the pK a values for amines conjugate acids. It would be reasonable to assume that in aqueous solutions, the basicity of anilines (characterized by the pK a values) is determined to a significant extent by the molecular electronic structure, by electronic effects of substituents in aromatic ring and at the nitrogen atom. An integral measure of intramolecular factors involved in the basicity of amines could be proton affinity (PA), which is the reaction enthalpy for a proton breaking-off in the gaseous phase:
The PA is calculated using semiempirical quantum chemical methods by the formula: 1, 2 
PA = D H f (B) + D H f (H + ) -D H f (BH + )
where D H f (H + )/4.184 is the experimental value of the proton heat of formation, which is equal to 367.163 kJ/mol. [1] [2] [3] [4] [5] The present work is aimed at the quantum chemical computation of the proton affinity of aniline and 62 of its derivatives (Table I) with different kinds of electron-donor and electron-acceptor substitution in the aromatic ring and at the nitrogen atom, as well as at establishing the interrelations between the pK a and PA values. 
METHODS
The computations by means of the PM3 method 11 were performed using software from the MOPAC package 12, 13 with complete geometric optimization (Broyden -Fletcher -Goldfarb -Shanno function minimizer) 14 involving the Thiel fast minimization algorithm. 15 The preliminary optimization was realized by the molecular mechanics (the MMX procedure) 16 using software from the PCMODEL package. 16 In the quantum chemical computations, a condition in the gradient norm not exceeding 0.084 kJ/mol Å was preset. In some cases, the sufficient decrease in gradient norm was achieved by means of abandonment of the Thiel fast minimization routine (the keyword NOTHIEL of the MOPAC package was applied) or by optimization with the DavidonFletcher -Powell method (keyword DFP), 14 as well as using combined approaches involving the keywords NOTHIEL and DFP.
In calculating the rotational contributions to the thermodynamic functions, the symmetry number was taken as unity. Linear regression analysis was performed at the confidence level of 0.95.
For computing clusters with water molecules included, the PM3 method was used, the HyperChem package [ HyperChem (TM), Hypercube Inc., 1115 NW 4th Street, Gainesville, Florida 32601, U. S. A.] , and just the same computer. A minimal distance of 1.7 Å was assumed between the solute and water molecules.
RESULTS AND DISCUSSION
It is reasonable to use semi-empirical quantum chemical methods to obtain rather simplified predictive quantitative relations.
For series of organic compounds belonging to different classes and possessing various functional groups, we validated a correctness of the most important thermodynamic and molecular characteristics reproduction the use of the MNDO, AM1 and PM3 methods, [17] [18] [19] [20] [21] [22] [23] as well as of electronegativity, inductive and mesomeric parameters of atomic groups. 24, 25 Among the mentioned methods, the PM3 method seems to provide satisfactory results for obtaining the heats of formation of nitro derivatives 11, 17, 19 and dimethylsulphone. 19 Some of the molecular systems under study contain NO 2 or SO 2 groups. For this reason the PM3 method was selected for the purposes of this work.
The correctness of the quantum chemical computations performed in the present work was also confirmed by the reproduced standard gaseous-phase heats of formation (D H f ), entropies (S), Gibbs energies of formation (D G f ), ionization potentials (I), molecular dipole moments (m ) of anilines (Tables II-IV) .
Furthermore, computations adequately convey the trends in the changes of the above properties over the aniline series. Thus, linear dependences were found:
where P is any of the above mentioned values (m is the number of considered points, r is the correlation coefficient): The correlations P exper = bP theor for P =D H f , S, DG f are not well substantiated, since each of them was established using only five points. That is why the meaning of the above dependences is not predictive. They provide an evidence for the correctness of the PM3 method evaluations made in this work. The interrelation I exper = bI theor links experimental adiabatic and Koopmans theoretical ionization potentials. Thus it is not surprising that b value differs from unity considerably. The advantage of the last equation consisits in the possibility to evaluate easily adiabatic potentials, the measurement of which is often difficult.
The relationship m exper = bm theor may be used for the prediction of dipole moments for newly synthesized anilines. On one hand, the accuracy of such correlations is comparable to the semiempirical method errors. The latter are not random, but determined by the given molecules specificity differing from the peculiarities of the whole series of compounds. However, in this instance the sample comprizes 43 single-type molecules, the dipole moments of which vary in the wide range from 0 to 6.33 D. So the correlation m exper = bm theor is statistically notable and reliable for prognosis. The proton affinity was computed in accordance with the aforesaid formula 1,2 (PA = D D H f ), as well as using the following expression (PA = D D G f ):
where the free energy of proton formation D G f (H + )/4.184 has the value 362.570 kJ/mol. 3-5 To establish the relationships pK a vs. PA and to evaluate the medium contribution to the anilines basicity, one should be sure that protonation of all the surveyed molecules occurs via the amine nitrogen. The latter is assumed usually, often by default. [6] [7] [8] [9] [10] Aimed at more detailed elucidation of the anilines protonation site, proton affinities were computed for a few typical arylamines protonation by alternative basic centres ( Table V) . As one can see, even in the gas phase protonation by the amino group is preferential. Although, for 4-aminobenzoic acid and 4-nitroaniline the differences in enthalpies and free energies of proton affinity at the protonation via nitrogen and oxygen are comparatively small.
For the cations of 4-methoxyaniline (I), 4-aminobenzoic acid (II) and 4-nitroaniline (III) conjugate acids, by means of the PM3 method clusters were computed including the aforesaid molecular systems along with 107 water molecules.
The greater number (n) of water molecules built in the cluster, up to 729 in cubic cell with 28.00 Å side, what corresponds to liquid water density, 29 the more adequately hydration is considered. The results presented in Table V show (similarly to Refs. 30 and 31) that at sufficiently large n quantity (107) a density of water molecules distribution in a cell approaches to this value for liquid state, even if the partial occupation of the cell volume by the species I -III is disregarded.
As Table V shows, for aqueous solutions the conclusion on preferential anilines protonation by the nitrogen atom remains valied. Moreover, the medium increases the difference betwen the anilines' I -III conjugate acids heats of formation (or which is just the same, between enthalpies of the compounds' I -III proton affinity) as compared to the gaseous phase.
Provided that the differences in the basicities of anilines are due to intramolecular factors, and the medium makes a constant contribution, the pK a vs. PA dependences must be linear.
However, for the whole set of considered substances, the dependences pK a vs. D D H f and pK a vs. D D G f was not linear. Obviously, the medium has a differentiating effect upon the protolytic properties of the aniline series.
At the same time, if one excludes the experimental and computed data deviating most significantly from the linear trend toward positive (for N,N-dimetyl-2-methylaniline, N,N-diethylaniline, N,N-diethyl-2-methylaniline, N-tert-butylaniline) and negative (for XC 6 H 5 NH 2 with X = 2-I, 2-COOH, 2-COOCH 3 , 2-NO 2 ) direction so the relations between pK a and PA become noticeably closer to linear: N-methylaniline, N,N-dimethylaniline, N,N,N',N' -tetramethyl-1,4-phenylenediamine, 4-fluoroaniline, toward negative direction for the systems XC 6 H 5 NH 2 with X = 2,6-(CH 3 ) 2 , 2-tert-C 4 H 9 , 2-C 6 H 5 , 2-OCH 3 , 2-OC 2 H 5 , 2-Cl, 2-Br, 4-CN, 4-COOCH 3 , results in rather improved linearity: As can be seen, the molecules deviating from the linear correlations pK a vs. PA, are predominantly those having ortho substituents in the aromatic ring.
The positive deviations of the data for N-alkyl anilines from the trend line can be explained by the considerable structural difference of the above compounds from primary aromatic amines.
If the effect of ortho substituents on the basicity of anilines can be explained by intramolecular steric factors, negative deviations from the dependences pK a vs. PA should not occur. In addition, the NH 2 group is relatively small and so the atomic groups in the ortho positions of the aromatic ring do not disturb considerably the orientation of the unshared electron pair of the amine nitrogen atom, favourable for conjugation with the p -system of the ring. On the other hand, steric demands of the proton are extremely low. 32 Allowing for the discussion above, a reason for the ortho-effect may be thought of as an increase in the hydrophobicity of molecular fragments in the vicinity of the reaction centre, i.e., the amine nitrogen atom.
Concerning the vicinity of the protonation centre, hydrophobic hydration is possible (observed commonly for molecular systems as a whole), which is related to the fact that due to the size of solute particles, the solute exerts a retarding effect on the translation movement of water molecules. 33, 34 The space occupied by such a particle (in our case by bulky substituents and neighbouring atomic basins, including the reaction centre), the reaction centre becomes inaccessible for water molecules, which lead to so the called "barrier effect" and the particle is surrounded by a layer of more struc-tured water (iceberg). 33, 34 Hydrophobic hydration induces diminution of the medium polarity in the vicinity of the molecules (in our case, in the vicinity of molecular fragments), as well as a change in the prototropic properties of the medium within the local microenvironment of molecules (fragments). This change hinders proton transfer to the heteroatom. 34, 35 The aforesaid effects cause the acid-base equilibrium in the system substituted aniline-anilinium ion to be displaced.
The decline of the hydrophilicity of the groups X = 2-COOH, 2-COOCH 3 , 2-NO 2 could be explained therewith by their involvment in intramolecular hydrogen bonds (IHB). 8, 9 For example, the occurrence of IHB in 2-nitroaniline is the reason for the feasibility of its steam distillation, in contrast to the 4-nitro isomer. 9 The data for X = 2-COOH, 2-COOCH 3 , 2-NO 2 do not obey the linear dependences pK a vs. PA due, in part, to the obviously non-comprehensive suitability of the PM3 method for describing hydrogen-bonded molecular systems.
Within the set of data under question, there are linear relationships involving the pK a and PA values for the compounds XC 6 contrast, N,N,N',N'-tetramethyl-1,4 -phenylenediamine, along with 2-Cl, 2-Br, 4-CN, 4-COOCH 3 anilines enter only when the relations (6) and (7) are true.
For the Eqs. (4) - (7), the values of the correlation coefficient r can be regarded as satisfactory, since the comparison in made between the pK a values in aqueous media and the characteristics of isolated molecules in the gaseous phase (D D H f , D D G f ). The discrepancy in data originates mainly from just the neglect of the medium in the quantum chemical consideration.
The occurrence of alternative linear correlations of pK a with PA confirms a differing contribution of the medium to the basicity of anilines and, at the same time, proves the existence of series, within which the medium contribution is more or less constant.
A measure of influence of constant medium component upon anilines basicity can be presented as: i) deviation of B value in the Eqs. (4) - (7) from a theoretical slope of dependence pK a vs. D D G f equal to 4.184 (ln10RT) -1 = 0.7330 mol/kJ and being referred to gaseous phase; ii) absolute A value (equal to zero for gaseous phase).
CONCLUSION
Using the relations (1) and (4) - (7), the I, m and pK a values for anilines can be predicted and so construct the compounds with the desired polar, acid-base properties and capability for ionization. The approach proposed in the present work for evaluating the pK a values of N-and ortho-unsubsituted anilines, aimed at their molecular design, can be extended to other classes of compounds.
